Ankyrin repeats (ANK) gene family are common in diverse organisms and play important roles in cell growth, development and response to environmental stresses. Recently, genome-wide identification and evolutionary analyses of the ANK gene family have been carried out in Arabidopsis, rice and maize. However, little is known about the ANK genes in the whole soybean genome. In this study, we described the identification and structural characterization of 162ANK genes in soybean (GmANK). Then, comprehensive bioinformatics analyses of GmANK genes family were performed including gene locus, phylogenetic, domain composition analysis, chromosomal localization and expression profiling. Domain composition analyses showed that GmANK proteins formed eleven subfamilies in soybean. In sicilo expression analysis of these GmANK genes demonstrated that GmANK genes show a diverse/various expression pattern, suggesting that functional diversification of GmANK genes family. Based on digital gene expression profile (DGEP) data between cultivated soybean and wild type under salt treatment, some GmANKs related to salt/drought response were investigated. Moreover, the expression pattern and subcellular localization of GmANK6 were performed. The results will provide important clues to explore ANK genes expression and function in future studies in soybean.
H I G H L I G H T S
• The genome-wide ANK family genes were identified in soybean.
• The GmANKs genes related to salt stress were identified.
• The response to salt stress of GmANK6 was performed.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Soil salinization, which affects an estimated 1 to 3 million ha in the enlarged EU and N 3.5 million ha in China, is one of the serious problems restricting agricultural development in the world (http://www.fao.org/ soils-portal/soil-management/management-of-some-problemsoils/ salt-affected-soils/more-information-on-salt-affected-sovils/en/). Most crop plants are sensitive to excess salt concentration in soil (Xiong et al., 2002) , it is of great importance to insight into the mechanisms underlying plant response to salinity stress, especially for plant-salt soil interaction. Cultivating the novel varieties with high tolerance to salt is one of the most effective methods, therefore, mining the key genes controlling crop tolerance to salt becomes more and more important for modern agriculture, especially via high throughput technologies.
Ankyrin-repeat domains contain a 33-amino acid motif that is widely present in prokaryotes, eukaryotes and some viruses, and they play an important role in mediating protein-protein interactions (Sedgwick and Smerdon, 1999) . In plants, proteins containing ankyrin repeats are involved in diverse cellular functions, including cell cycle regulation, cytoskeleton interactions, signal transduction, ion transport (Sedgwick and Smerdon, 1999) and organ development, including leaf morphogenesis (Ha et al., 2004) and chloroplast biogenesis (Bae et al., 2008) . Additionally, they play important roles in plant responses to biotic and abiotic stresses (Yan et al., 2002; Lu et al., 2005; Seong et al., 2007; Sharma and Pandey, 2015) . In recent years, genome-wide analysis of ankyrin-repeat proteins in maize (Jiang et al., 2013) has been reported. Sakamoto et al. (2008) identified itn1, a novel gene with an ankyrin-repeat motif in Arabidopsis thaliana that affects the ABA-mediated production of reactive oxygen species and is involved in salt-stress tolerance, suggesting that itn1 is involved in the ABA-dependent salinity stress pathway. Ito et al. (1999) characterized a protein containing ankyrin repeats named Ankhzn, which localized to the endosomal membrane and was involved in vesicle or protein transport, and it bound to a zinc finger motif. In general, ankyrin-repeat domains mediate protein-protein interactions and act as molecular scaffolds for protein recognition (Sedgwick and Smerdon, 1999) .
Soybean (Glycine max L.) is one of the important crops providing plant protein and oil. Here, we identified 162 GmANK genes in soybean by database searches, which genes were classified by protein domains. We analyzed the gene locus and Chromosome (Chr) localization the protein length, number of ANK domain, molecular weight (MW), isoelectric points (pI), expression patterns and phylogenetic relationship of the ANK genes in soybean. We also surveyed the expression patterns of GmANK39-like(GmANK6) gene in the developmental stages of soybean and its responses to abiotic stress and subcellular localization.
Materials and methods
Obtaining of protein sequences containing ANK domain in soybean genome
To identify soybean proteins containing Ankyrins domain at the genome level, all protein-coding genes were downloaded from the latest version of the soybean genome (Wm82.a2.v1) in Phytozome v.10.0. Hidden Markov models (HMMs) of the 'typical' Ankyrin clan (PF00023) was to search for putative PKs using HMMER v.3.0 with an E-value cut-off of b1.0.275 sequences containing the Ankyrin domain were identified. Only the longest variant of each gene was retained and all other redundant sequences were deleted. Domain composition was searched by SMART and PFAM database, Molecular Weight and isoelectric points was calculated with DNAstar software.
To further reveal the conserved motif of the GmANKs protein, the motif investigation software Multiple EM for Motif Elicitation (MEME) (Bailey et al., 2006 ) (version 4.0; http://meme.sdsc.edu/mere4/cgibin/meme.cgi) was carried out. The parameters of this analysis were as follows: optimum motif width ranged from 6 to 50; the maximum number of motifs for identification was 20, 3 motifs should find and all other parameters were defaulted.
In silico subcellular predicted localization and expression analyses for GmANKs
The protein subcellular localization was predicted using the online tool WoLF PSORT available at http://wolfpsort.org/, and the expression data for GmANKs in different tissues was downloaded from the http:// soybase.org, analyzed in silico and displayed using Java-Treeview software.
Plant material
The Glycine max var. Williams 82 variety was used to grow seedlings and extract total RNA for GmANK-39 gene cloning, tissue expression and induced expression analysis experiments.
Gene cloning and sequence analysis
The GmANK39-like gene primers (forward primer:ATGCTTGCCA TCGGGAAGGCCACC, reverse primer:TCAATGAAAGAGCAAAAAACATA) were designed according to the full-length coding sequence and used to cloned the genes from soybean root tissue cDNA using RT-PCR (Reverse transcriptase-polymerase chain reaction).
Phylogenetic analyses
The Neighbour Joining (NJ) tree of GmANKs from soybean and other plants was performed using MEGA5.0 software using neighbour-joining (NJ) and maximum-likelihood (ML) methods (Tamura et al., 2011 ).
qPCR analysis
The soybean root, stem, leaf at young seedling stage, and flower, pod were harvested and frozen in liquid nitrogen for RNA extraction. The soybean roots were collected from plants treated with PEG6000 for 0 h, 2 h, 4 h and 8 h or with 200 mM NaCl for 0 h, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, 48 h and 72 h. Total RNA was extracted from soybean samples according to the TRIZOL Kit (Invitrogen) manual. Single-stranded cDNA was synthesized using 2 μg total RNA and Oligod(T)18 primer with the Takara RT-PCR system in a total volume of 25 μl according to the manufacturer's protocol (TaKaRa Bio Inc.) and used for qRT-PR analysis. qPCR analysis was performed as described previously . The gene primers used were forward primer:ATGCTTGCCATCGGGAAGGCCACC, reverse primer:TCAATGAAA GAGCAAAAAACATA, the internal control gene was GmActin2 forward primer:CGGTGGTTCTATCTTGGCATC, reverse primer:GTCTTTCGC TTCAATAACCCTA. The assays were repeated three times.
Subcellular localization
PCR-generated HindIII-BamHI fragment containing the open reading frame of GmANK39-like without stop codon (Forward primer: cgcGTCGACATGCTTGCCATCGGG, reverse primer:cgcCCATGGATGAA AGAGCAAAAAACAT) was subcloned in-frame upstream of the GFP gene in the pJIT166GFP plasmid. The construct was validated by sequencing.
Arabidopsis leaf protoplasts were isolated according to Yoo et al. (2007) . The resulting fusion construct (p35S::GmANK39-like-GFP) or empty control vector (p35S::GFP) were introduced into Arabidopsis protoplasts by the PEG4000-mediated method (Abel and Theologis, 1994) . After 24 h at room temperature, GFP signal was detected by confocal fluorescence microscopy (Zeiss, LSM510 Meta, Carl Zeiss AG). 
Statistical analysis
Data were analyzed using an ANOVA test in Microsoft Excel. Significant differences among means were determined by * at p b 0.05 and ** at p b 0.01.
Results
Genome-wide identification of proteins containing ANK domain in soybean genome
The HMM profile (PF00023) was used to search for conserved ANK domain in soybean genome data, totally, 162 putative ANK-containing proteins were identified and validated by on-line SMART software and pfam and BLAST2GO analysis. The gene locus and Chromosome(Chr) localization were provided and gene names (GmANK1-162) were designated according to the order of Chr1-20, indicating that the GmANKs distributed in each Chr, and the Chr8 (14) contained the most, while he Chr20 included 5 GmANKs. Furthermore, the peptide length, number of ANK domain, molecular weight (MW) and isoelectric points (pI) were deduced from the protein sequences respectively. In details, the largest gene (Glyma11G157400, GmANK90) encoded 1638 amino acids with the MW of 179.85, while the shortest one (Glyma02G033700, GmANK6) contained only 143 with a MW of 15.86. The number of ANK domain ranged from 1-11and the average is 4.5. The protein subcellular localization of GmANKa mainly distributed nucl (nucleus, 35.19%), cyto (cytoplasm, 22.22%), plas (plasma membrane, 22.22%) and chlo (chloroplast, 12.35%), the remaining localized other organelles, such as mitochondrion, ER (endoplasmic reticulum) ( Table 1) .
Based on the results of SMART analysis for every GmANKs, we found that ANK domain mainly combined with the BAR ( activities) and CHROMO (CHRromatin Organization Modifier) domains, indicating the functional diversity of ANK (Fig. 1) .
To reveal the sequence conservation of soybean ANK repeats motifs, we performed MEME analysis of GmANK1-80 to generate sequence logos, which showed that there were several highly conserved amino acid residues within the ANK repeats motifs, including the T at position 3, the A at position 8, the L at position 20, LH at position 39-40 and G at position 46 respectively (Fig. 2) . Each logo of the ANK motifs was similar to the Pfam sequence (PF00023: DGFTPLHLAALRGNLEVVK LLLSQGADLNAQDD).
In silico expression patterns analysis of GmANKs genes in soybean different tissues
To insight into the expression patterns of GmANKs genes in soybean different tissues, the expression data in different tissues was downloaded from soybase (http://soybase.org) and analyzed in silico and displayed using Java-Treeview software. The heatmap showed that some GmANKs had no expression in any tissues, such as GmANK18, 27, 45, 46, 61, 107, 118, 150, 151 , some GmANKs were organ-specific, including GmANK9,17 in nodule, GmANK19,152 in flower and GmANK48,49,70,102,142 in root respectively. Some GmANKs were constitutively expressed, including GmANK25,90,100,108. Seven GmANKs (32, 44, 79, 93, 124, 161, 162) had no expression data in soybean database (Fig. 3) .
Phylogenetic analysis of GmANKs
To gain the phylogenetic relationship among the GmANKs proteins and acquire the evolutionary history of this gene family, a phylogenetic tree was constructed except for the GmANK2,44,55,79 with the low similarities, 158 GmANKs were clustered using MEGA5.0 software. The results indicated that GmANK proteins were divided into seven distinct major groups (I-VII), and some major groups could be divided into different subgroups. In general, most of the closely related members in the phylogenetic tree had the same or very similar domain composition, such as Zinc finger CCCH domain-containing protein (Group VI) and Ankyrin-kinase family (Group VII) (Fig. 4) .
Identification of GmANKs proteins related to abiotic stresses in soybean
Based on our digital gene expression profiling (DGEP) data (Ali et al., 2012, unpublished data) , the GmANK genes which had the response to drought (PEG treatment) and salinity stresses were screened and identified both in Glycine max and Glycine soja. The results demonstrated that some GmANKs (GmANK47, 154, 103, 101, 66, 10, 2, 4, 25) showed the response to drought (Fig. 5,a) , and some GmANKs (75, 10, 103, 66, 47, 101, 154, 4 ,2) maybe played important roles in responding to salinity stress (Fig. 5,b) .
The cloning and expression patterns of GmANK39-like(GmANK6)
GmANK6 was a shortest one in soybean ANK family and was isolated by screening a salt-treated yeast two hybrid library in our lab previously. BLASTx search showed that GmANK6 had a higher identities with GmANK-39-Like, and had a 75%, 68% and 47% identities with Cajanus cajan (CcAnk2 accession no:KYP71517), Cicer arietinum (CaAnk50, accession no:XP_004496053) and Prunus mume (ankyrin-3-like, accession no:XP_008234958) respectively. SMART on-line software analysis indicated that the GmANK-39-Like protein sequence only contains two Ankyrin repeats domains from amino acids 47-76 and 80-108. However, the others above mentioned possessed five Ankyrin repeats domains and had a relatively conserved sequence characterization at Ankyrin repeats domain sites for these proteins (Supplemental Fig. 1 ).
Phylogenetic analysis was used to find out the relationship among the GmANK-39-Like and other ANKs proteins from Arabidopsis thaliana (AtAnk2), Cicer arietinum (CaAnk50), Cajanus cajan (CcAnk2), Gossypium raimondii (GrAnk50), Medicago truncatula (MtAnk), Ricinus communis (RcAnk1), Theobroma cacao (TcAnk), Vigna radiata (VrAnk1) and Vitis vinifera (VvAnk65). GmANK-39-Like was found to cluster together with other ANKs and had a higher homology with VrAnk1 and CcAnk2, however, had the lower homology with AtAnk2, indicating that GmANK-39-Like really originates from the legume (Supplemental Fig. 2) .
To examine the tissue expression pattern of GmANK-39-Like, the root, stem, leaf, flower and pod were investigated. The result showed that GmANK-39-Like mainly expressed the root, leaf and pod, weak in stem and flower (Fig. 6 a) , which was consistent with the data of in silico expression. To determine the expression pattern of GmANK-39-Like under abiotic stresses, the soybean seedlings of three-leaf stage were treated with 20% PEG and 200 mM NaCl solutions for different time points, then QRT-PCR was carried out using treated roots tissue as template. The results showed that the expression of GmANK-39-Like was increased at 2 h, then significantly declined at 4 h and went back to previous expression level at 8 h (Fig. 6 b) . However, the expression under salinity stress was decreased all the time points (Fig. 6 c) .
Subcellular localization of GmANK39-like(GmANK6)
To examine the functional localization of GmANK-39-Like, the PEGmediated protoplast transformation method was performed. Enhanced green fluorescent protein (EGFP) in-frame fused C terminally to GmANK-39-Like and only EGFP (empty vector) were transiently expressed in Arabidopsis mesophyII protoplast driven by cauliflower mosaic virus 35S promoter respectively. The results of subcellular localization demonstrated that GFP was detected all the whole cells for the 35S::GFP, but mainly distributed cytoplasm for 35S::GmANK-39-Like:GFP (Fig. 7) , indicating GmANK-39-Like is not a membrane protein and functions at the cytoplasm. (See Fig. 7.) 
Discussion
Soil salinity becomes more and more one of the major obstacles in the world. In China, N600 ha soil field were increased every year in JiangSu province because of sea movement, and in Australia, large amounts of salt accumulated from cyclical deposition via rainfall, weathering of saline material and connate salts laid down as marine sediments in earlier geological time (Spies and Woodgate, 2004) . The activities of man, including agronomy and hydrology, can also cause soil salinization via mobilisation of salts (Huang et al., 2016) . Plant directly touched with the saline soil, therefore, understanding the principles of plant-soil interaction and revealing the mechanisms of plant response to salt stress will provide the important theoretical basis for modern salt-soil agriculture.
The ankyrin repeats are about 33-amino-acid in length repeats found in numerous proteins, and serve as domains for protein-protein interactions (Michaely and Bennett, 1992) . The ankyrin repeat was first identified in the yeast cell cycle regulator Swi6/Cdc10 and the Drosophila signaling protein Notch (Breeden and Nasmyth, 1987) . The number of ankyrin repeats varies for different proteins. Analysis of the SMART and PFAM databases show that the number of repeats per protein ranges from 1 to 33. To date, the protein with the most ankyrin repeats is the ORF EAA39756 from Giardia lamblia containing 34 repeats when PFAM and SMART predictions are combined (Mosavi et al., 2004) . In the present study, we found the most ankyrin repeats in soybean is Glyma16G060400, Glyma18G008500 and Glyma19G086700, which contain 11 repeats. However, the least ones (Glyma01G052600, Glyma05G117000, Glyma08G008000, Glyma09G038300, Glyma15G143400) only include one repeats. The average of the ankyrin repeats is 4.5,which is identical with the rice ANK proteins (Becerra et al., 2004) . These maybe indicated that the structure of ankyrin repeats is of importance for ANK proteins, especially for protein-protein interactions.
In recent years, the number of ANK proteins has been found to be 175 in rice, 105 in the Arabidopsis thaliana, 130 in tomato and 71 in maize (Becerra et al., 2004; Huang et al., 2009; Yuan et al., 2013; Jiang et al., 2013) . In this study, we identified 162 ANK proteins in soybean, which can be classified 11 subfamilies according to domain composition and they are distributed on all 20 chromosomes. Moreover, some ANK protein showed the gene duplications on some chromosomes, such as Glyma06G294100, Glyma06G294200 and Glyma06G294400. This is the first report about the ANK family in soybean.
In addition, ANK domain mainly combined with the other domains (Fig. 1) , Huang et al. (2009) found that rice ANK proteins contained Motile_Sperm MSP (major sperm protein) domain, ACBP (acyl CoA binding Protein), PPR (pentatricopeptide repeats); Ion_trans (ion transport Protein), RCC1 (regulator of chromosome condensation); rve (integrase core domain); RVT (reverse transcriptase RNA-dependent DNA polymerase); RRM (RNA recognition motif); ubiquitin (ubiquitin family) instead of domains mentioned in this study. This inferred that rice ANKs possessed more diverse functions than maize and soybean, which was consistent with the statement that ANK repeats mediate protein-protein interactions also in plants (Becerra et al., 2004) .
In plants, one of the first characterized ANK proteins was AKR (Arabidopsis Ankyrin Repeat). The transcripts levels of AKR were found to be light dependent and was associated with the regulation of chloroplast differentiation (Zhang et al., 1992) . To insight into the expression profile of GmANK genes which will provide clues to the function of each gene, the in silico expression patterns for each gene were performed. The data showed that the diverse or different expression types, including organ-specific, constitutive and developmental stagespecific, indicating that they play important roles in plant development and response to stresses. In this study, the GmANK6 showed an increase expression after drought treatment at early stage, however, a decreasing after salt treatment, mindicating ANK proteins have the response to abiotic stresses. The cytoplasm localization of GmANK6 complied with the putative result by WoLF PSORT tool. The results will provide important clues to explore ANK genes expression and function in future studies in soybean.
Conclusions
To mining the key salt tolerance related genes in soybean for planting in salt soil, 162 GmANK genes were identified by database searches and classified by protein domains, the gene locus and Chromosome (Chr) localization the protein length, number of ANK domain, molecular weight, isoelectric points, expression patterns and phylogenetic relationship of the ANK genes in soybean were analyzed, and the expression patterns of GmANK39-like(GmANK6) gene in the developmental stages of soybean and its responses to abiotic stress and subcellular localization were also surveyed.
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